Search for novel compounds beneficial to the treatment of cancer attracts a great deal of attention. We earlier demonstrated the isolation of 5,7-dihydroxy-2-[4'-hydroxy-3'-(methoxymethyl)phenyl]-6-C-β-glucopyranosyl flavone, a novel C-glycosyl flavone from Urginea indica bulb. The present study was undertaken to investigate the effect of this novel compound on human normal epithelial and breast, hepatic and colon cancer cell lines.
Cyclin-dependent kinases (CDKs) play a vital role in the cell cycle control, apoptosis, transcription and neuronal functions. In particular, CDKs that promote transition through the cell cycle are expected to be a key therapeutic target because many tumorigenic events ultimately enhance proliferation by impinging on CDK6 complexes in the G1 phase of the cell cycle 1 . Expression and interaction of cyclins, CDKs and their activators or inhibitors correlate with the timing of events in the cell cycle 2 . In addition, a kinase-independent function of CDK6 regulates tumour angiogenesis through transcription of vascular endothelial growth factor (VEGF) and P16
INK4A by interacting with STAT and AP-1 3 . There is a role of CDK6 in DNA-binding complex that binds DNA in an androgen receptor-dependent manner to enhance the transcription of prostate-specific antigen 4 . A variety of naturally occurring compounds, including flavonoids, alkaloids and terpenoids or their derivatives, have been found to be CDK inhibitors 5 .
The flavonoids are a highly diverse class of polyphenolic compounds formed principally as secondary metabolites with broad functional roles in planta. These may occur as glycosylated compounds with C-C bond between sugar moiety and flavonoid skeleton. C-glycosyl flavones are stable and less explored sub-class of glycosyl flavonoids of medicinal plants 6 . These possess many important biological activities including antimicrobial, antioxidant and hepatoprotective activities 7 . The C-glycosyl flavonoids exhibit higher antioxidant and anti-diabetes potential than their corresponding O-glycosyl flavonoids and aglycones 8 . However, limited information is available in the literature regarding the anticancer activity of C-glycosyl flavone.
Urginea indica is commonly called as sea onion and its bulbs have been used to cure wounds and infections 9 . Antimicrobial, anti-inflammatory, antioxidant and cytotoxic activities of U. indica have been reported elsewhere 10, 11 . Deepak and Salimath 12 reported a novel glycoprotein with anti-angiogenic and pro-apoptotic activity. Sultana et al 13 reported O-glycosyl flavone and flavonone in the bulb. However, the search for novel compounds that could be beneficial for the treatment of cancer is continued. We have earlier reported the C-glycosyl flavone in the bulb of U. indica 14 . The objective of this study was to evaluate the maximum non-toxic concentration (MNTC) against human normal breast epithelial cell line (MCF-12A) and anticancer activity against human breast carcinoma cell line (MCF-7), hepatocellular carcinoma cell line (Hep-G2) and colon cancer cell line (HT-29), in terms of proliferation, angiogenesis and apoptosis.
Material & Methods
All solvents were obtained from Merck, Mumbai, India. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reagent was purchased from Sigma, USA. MCF-7, Hep-G2 and HT-29 cell lines were obtained from National Centre for Cell Sciences, Pune, India, and MCF-12A was purchased from ATCC, USA. Cell lines were grown in minimal essential medium (MEM) with 10 per cent foetal bovine serum (FBS), 100 units of each penicillin and streptomycin at 37°C in 5 per cent CO 2 incubator. The present study was carried out during the period 2013-2015, in the Cancer Biology Laboratory, Department of Biochemistry, GITAM Institute of Science, GITAM (Deemed to be University), Visakhapatnam, India.
Isolation and characterization of C-glycosyl flavonoids:
Silica gel column chromatography was performed for the isolation of C-glycosyl flavone from the methanolic extract of U. indica bulb using methanol and ethyl acetate as the solvent system (60:40 v/v). The structure was elucidated based on infrared (IR), nuclear magnetic resonance (NMR) and mass spectral data
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Maximum non-toxic concentration (MNTC):
A preformed monolayer of MCF-12A cells in a 96-well plate (1×10 4 cells/well) was treated with C-glycosyl flavone at 2, 4, 8, 16, 32, 64, 128, 256 and 512 µg/ml for 48 h and MNTC was determined by in vitro cytotoxicity assay using MTT 15 . Cell and nuclear morphologies were also observed.
MTT assay: The cytotoxic activity of isolated C-glycosyl flavone [2, 4, 8, 16, 32, 64 and 128 μg/ml (MNTC)] against MCF-7, HT-29 and Hep-G2 cells (1×10 4 ) was determined using MTT assay. 5-fluorouracil (5-FU) and tamoxifen were used as positive controls. The concentration required to reduce 50 per cent viability (IC 50 ) was calculated by regression analysis 16 .
Cell cycle analysis: Cells in 6-well plate (1×10 6 cells/well) were treated with C-glycosyl flavone at an approximate growth inhibition concentration-50 (25 μg/ml) for 48 h and the cell cycle was analyzed by Flow Cytometry (BD Accuri C6, USA) 17 . Quantification of CDK1 and CDK6 using ELISA: Quantification of CDK1 and CDK6 was performed using the ELISA method. Treated and untreated cell lysates were normalized with reference to total protein.
Computation of docking scores using
The normalized volumes were added to CDK1-or CDK6-specific antibody-coated wells and incubated for 2 h at 37°C as per the manufacturer's instructions (Antibodies, Atlanta, USA). The quantity of CDK1 or CDK6 in C-glycosyl flavone-treated cells was determined and expressed as per cent control.
Morphological assessment of cell apoptosis: Cells in 4-well chamber slide (1×10 4 cells/well) were treated with C-glycosyl flavone at 25 μg/ml for 72 h, stained with 50 μl of Hoechst 33342 (100 μg/ml) for 15 min and images were captured at a wavelength of 461 nm using a fluorescence-inverted microscope (Olympus, Japan).
Mitochondrial membrane potential assay:
Briefly, cells in 6-well plate (1×10 6 cells/well) were treated with C-glycosyl flavone at 25 μg/ml for 72 h and stained with 500 μl of 200 μM JC-1 for 20 min at 37°C. The fluorescence of the cell suspension was measured using a microplate reader at Ex/Em(green)/ Em(red)::485/538/590nm
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Assay for chromatin fragmentation accompanying cell death:
The cell death induced by C-glycosyl flavone (25 µg/ml) was detected with the cell death ELISA kit (Boehringer-Mannheim, Germany). The DNA-histone complexes generated during apoptotic DNA fragmentation were measured as per the manufacturer's instructions. Absorbance at 405 nm was measured using a microplate reader, and the results were expressed as an enrichment factor relative to the untreated controls.
Assay for annexin V accompanying cell death:
C-glycosyl flavone-induced apoptosis in cancer cells was quantified using Annexin V ELISA method. Briefly, cells in 96-well plate (1×10 4 cells/well) were treated with C-glycosyl flavone at 25 μg/ml for 72 h. Then, 50 μl of annexin V antibody was added and incubated at 25°C for 1 h. The apoptosis rate was determined as per the manufacturer's instructions (Abcam, USA).
Assay of Bcl2 and BAX by ELISA: Cells (5×10
6 cells/ml) were treated with C-glycosyl flavone (25 µg/ml) for 72 h. The cell lysate (50 μl) and 50 µl of antibody specific to either Bcl2 or BAX were added to each well and incubated at room temperature for 1 h. The Bcl2 or BAX levels were measured using specific kit (Abcam, USA).
Measurement of caspase-3 and caspase-9 activity:
The activity of caspase-3 or caspase-9 was determined using a colorimetric assay according to the manufacturer's instructions (Chemicon International Inc., USA). After 72 h of treatment, cell lysates were treated with peptide substrate conjugated with Ac-DEVD-pNA for caspase-3 and Ac-LEHD-AFC for caspase-9. After overnight incubation, optical density was measured at 405 nm using a microplate reader.
Assay for cytochrome c release:
The treated and untreated cell lysates were normalized to total protein. The normalized volumes were added to the cytochrome c-specific antibody-coated 96-well plate along with biotinylated cytochrome c detection antibody and incubated for 2 h at room temperature. Cytochrome c in cell lysates was measured using human cytochrome c ELISA kit (Abcam, USA) as per the manufacturer's instructions.
Capillary formation assay:
An in vitro capillary tube formation assay was performed as described earlier 21 . Briefly, human umbilical vein endothelial cells (1×10 4 ) were plated onto a matrigel-coated 4-well chamber slide and incubated with conditioned medium from untreated or C-glycosyl flavone-treated (25 µg/ml) cells. After overnight incubation, the slide was examined and photographed 21 . Total tube length was determined using image analysis software (Image J; NIH, Bethesda, MD, USA).
Quantification of vascular endothelial growth factor (VEGF) levels:
The lysate (10 µl) from untreated/treated cells was incubated overnight at 4°C in a 96-well plate. The VEGF levels were determined using ELISA as per the manufacturer's instructions (Thermo Scientific, USA).
Statistical analysis:
The experiments were carried out three times separately and the data were expressed as mean ± standard deviation. Statistical differences between untreated and treated cells were determined using one-way ANOVA. IC 50 value was calculated using regression analysis.
Results

MNTC of isolated C-glycosyl flavones:
The isolated C-glycosyl flavone was used for evaluation of anticancer activity (Fig. 1A) . In the present investigation, the MNTC of isolated C-glycosyl flavone towards the human normal breast epithelial cell line MCF-12A as evaluated using MTT assay was 128 μg/ml (Fig. 1B) without any visible effect on the cell and nuclear morphology ( Fig. 1C and D) of MCF-12A cells.
Treatment with C-glycosyl flavone inhibits proliferation of cancer cells:
As a preliminary study, the anti-proliferative activity of isolated C-glycosyl flavone was evaluated using MTT assay and cell cycle analysis against MCF-7 which served as an excellent in vitro model for studying the mechanism of tumour response. MCF-7 cells exhibited low acidification and high respiratory rate. HT-29 and Hep-G2 were easy to handle and retained many of the morphological characteristics. The percentage of antiproliferative activity of C-glycosyl flavone against MCF-7, HT-29 and Hep-G2 cells was compared to control and is plotted in Fig. 2A . However, the tamoxifen standards against MCF-7 (Fig. 2B) and the 5-FU against HT-29 cells (Fig. 2C) and Hep-G2 (Fig. 2D) Fig. 2E) . In HT-29, G0/G1 cells increased from 58 to 72.44 per cent, while S phase and G2/M phase cells decreased from 23.12 to 12.2 per cent and 14.88 to 5.36 per cent, respectively (Fig. 2F) . In case of (Fig. 2G) .
The CDKs and their regulatory proteins, cyclins, play an important role in the transition of the cell cycle from quiescence (G0) to proliferating stage. The docking of C-glycosyl flavone with CDKs was scored based on their complementarity and rank ordered. C-glycosyl flavone exhibited significant score with CDK6 (7092) followed by CDK1 (7010), CDK3 (6560), CDK5 (6434), CDK4 (6378) and CDK2 (5978) (Fig. 3A-F) . Based on high rank-ordered score, the CDK1 and CDK6 were chosen for further study. The effect of C-glycosyl flavone on CDK1 and CDK6 in cancer cell lines was evaluated using ELISA. The concentration of CDK6 in untreated MCF-7, HT-29 and Hep-G2 cells was 8.8, 8.7 and 8.8 ng/ml as against 5.8, 6.0 and 5.2 ng/ml, respectively, in corresponding C-glycosyl flavone-treated cell. Thus, CDK6 activity in C-glycosyl flavone-treated cells was decreased (Fig. 3H) .
Treatment with C-glycosyl flavone induces apoptosis in human cancer cells:
The observation of cell morphology under phase-contrast microscope demonstrated that C-glycosyl flavone treatment at Fig. 4A-C) . These modifications are the characteristics of the apoptotic cells. Further, C-glycosyl flavone strongly induced the nuclear condensation and formation of apoptotic bodies in the same order compared to untreated controls (Fig. 4D-F) .
Compared to untreated controls, exposure of MCF-7, HT-29 and Hep-G2 cells to C-glycosyl flavone at 25 μg/ml for 72 h resulted in 3.8-, 4.6-and 6.5-fold increase in the induction of apoptosis, respectively (Fig. 4G) . Annexin V staining of C-glycosyl flavone treated MCF-7, HT-29 and Hep-G2 cells showed 48, 52 and 62 per cent apoptosis, respectively, compared to controls (Fig. 4H) . Loss of mitochondrial membrane potential is a prerequisite for mitochondrial-mediated apoptosis. The C-glycosyl flavone caused 53, 64 and 71 per cent loss of mitochondrial membrane potential in MCF-7, HT-29 and Hep-G2 cells, respectively, corresponding to controls (Fig. 5A) . (Fig. 5B) . However, BAX levels seemed to increase by 38.6, 48.4 and 55.8 per cent, respectively, compared to controls (Fig. 5C) . To confirm the effect of C-glycosyl flavone on apoptosis, the activity of caspase-3 and caspase-9, the biochemical markers of apoptosis was determined. It was found that C-glycosyl flavone (25 μg/ml) increased caspase-3 activity by 1.2, 1.6 and 1.8 folds and caspase-9 by 1.3, 1.7 and 2 folds in MCF-7, HT-29 and Hep-G2 cell lysates, respectively, compared to untreated control ( Fig. 5D and  E) . The release of cytochrome c from apoptotic cells triggers sequential maturation of caspase-9 and caspase-3 in caspase-dependent cell death events. Therefore, the effect of C-glycosyl flavone on cytochrome c levels was determined. C-glycosyl flavone at 25 μg/ml increased the release of cytochrome c by 1.3, 1.5 and 2.1 folds in MCF-7, HT-29 and Hep-G2 cells, respectively, compared to untreated controls (Fig. 5F) .
Treatment with C-glycosyl flavone decreased tumour-induced capillary formation in human cancer cells:
To analyze the effect of C-glycosyl flavone on tumour-induced angiogenesis, total capillary formation and VEGF levels were determined. It was observed that C-glycosyl flavone (25 μg/ml) decreased the capillary formation by 32, 43 and 48 per cent in MCF-7, HT-29 and Hep-G2 cells, respectively, compared to untreated controls (Fig. 6A) . Further, VEGF levels were decreased by 38, 47 and 53 per cent in MCF-7, HT-29 and Hep-G2 cells, respectively, compared to untreated controls (Fig. 6B) . 
Discussion
During the cytotoxicity screening, it was found that C-glycosyl flavone exhibited significantly high MNTC (128 μg/ml) against MCF-12A cells. According to the US National Cancer Institute screening cell line programme 22 , the drug with IC 50 value ≤25 µg/ml is considered as efficient anticancer drug. Accordingly, the C-glycosyl flavone can be considered as an effective anticancer agent against Hep-G2 (IC 50 : 15.3 μg/ml) and HT-29 (IC 50 : 24.2 μg/ml) cells, but moderately effective agent against MCF-7 breast cancer cells (IC 50 : 28 μg/ml) 23 .
In the present study, an increased G1/Go phase and decreased S phase population were noticed with C-glycosyl flavone at approximate growth inhibitory concentration-50 (25 µg/ml), which could be due to arrest of cell cycle at G1/Go phase. Further, a decrease in the S phase population indicates a reduced cell division. CDKs are fundamental in cell cycle control 24 . The CDKs with their respective regulatory partner cyclin are involved in the regulation of the cell cycle, apoptosis and transcription. In this study, based on good binding affinity of C-glycosyl flavone in docking, CDK1 and CDK6 appeared to be its probable targets. Earlier, inhibition of CDK6 activity by flavonoid inhibitors such as fisetin, apigenin and chrysin was evaluated using computational approaches 25 . In this study, significant inhibition of CDK6 was observed in cancer cell lines targeted with C-glycosyl flavone. Targeting CDK6 by flavopiridol, a flavonoid derivative, was reported in cancer cell lines 26 . Earlier, Cover et al 27 reported that inhibition of CDK6 activity closely related to the reduction of cell proliferation in human breast cancer cells.
Apoptosis is the most common mechanism of action of chemotherapeutic agents, including natural products. After 72 h of treatment with C-glycosyl flavone, increased DNA fragmentation was observed as hallmarks of apoptosis 28 . The apoptotic changes in cancer cells induced by C-glycosyl flavone were evaluated using antibody-based assay. DNA fragmentation and release of nucleosomes into the cytoplasm in C-glycosyl flavone-treated cancer cells suggested induction of apoptosis. The characteristics of the apoptotic cells such as cell shrinkage, membrane blebbing, loss of cell adhesion, nuclear condensation and cell fragmentation were observed with C-glycosyl flavone after 72 h treatment in all tested cancer cell lines but more significantly in Hep-G2. As C-glycosyl flavone triggered apoptosis in tested cancer cell lines at 72 h, it may be recognized as an anticancer drug 29 .
Mitochondria are known to play a central role in the apoptotic process 30 . A significant loss of mitochondrial membrane potential with C-glycosyl flavone showed mitochondrial-mediated apoptosis. This study demonstrated decreased Bcl-2 level and marginally increased Bax levels with Bax/Bcl-2 ratio in C-glycosyl flavone-treated Hep-G2, HT-29 and MCF-7 cells compared to controls. The flavopiridol, synthetic flavone and CDK inhibitor down-regulated Bcl-2 and induced growth arrest and apoptosis in chronic B-cell leukaemia lines 31 . Our results also showed that the change of Bax/Bcl-2 ratio might be a key factor in inducing apoptosis in cancer cells. The intrinsic pathway of apoptosis is characterized by mitochondrial dysfunction with the release of cytochrome c, activation of caspase-9 and subsequently of caspase-3 32 . Increased caspase-3 and caspase-9 activities and chromatin condensation, apoptotic body formation and DNA fragmentation may be the underlying mechanism of C-glycosyl flavone-induced apoptosis in cancer cells.
Angiogenesis, a highly complex process involving multiple interactions of pro-and anti-angiogenic factors, is required to supply nutrients and oxygen to sustain the tumours. VEGF is the predominant regulator of tumour angiogenesis 21 . VEGF can be upregulated by oncogene expression, growth factors and hypoxia. Flavonoids have been proposed to act as chemopreventive agents based on epidemiological studies. They have been shown to inhibit angiogenesis and proliferation of tumour cells and endothelial cells 33 . Glycosyl flavones are known to inhibit proliferation as well as angiogenesis 34 . However, the association of C-glycosyl flavone with angiogenesis is not clear. A significant inhibition of tumour-induced capillary formation and reduced expression of VEGF was noticed in C-glycosyl flavone-treated cancer cell lines.
The limitation of our study was that anticancer activity of C-glycosyl flavone was tested only in breast (MCF-7), hepatic (Hep-G2) and colon (HT-29) cancers.
In conclusion, the mechanism of anticancer activity of C-glycosyl flavone against MCF-7, HT-29 and Hep-G2 may involve blockage of cell cycle, inhibition of angiogenesis and induction of apoptosis probably through inhibition of CDK6. Thus, targeting CDK6 using C-glycosyl flavone may serve as a novel therapeutic strategy for the treatment of breast, hepatic and colon cancers. 
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